The d spacings in niobium have been measured to 145 GPa with a diamond anvil cell using a fluid pressure-transmitting medium ͓methanol-ethanol-water ͑MEW͒ mixture, or helium͔. The conventional geometry, wherein the primary x-ray beam passes parallel to the load axis with image plate, has been used to record the diffraction patterns. The analysis of the d spacings using the lattice strain equations indicates the presence of nonhydrostatic stress component ͑with both MEW and He pressure-transmitting media͒ in the pressure ranges that are well below the freezing pressure of the pressure-transmitting medium. A method to correct the measured d spacings for the nonhydrostatic pressure effect is suggested. This study clearly emphasizes the need to carefully analyze the data for the nonhydrostatic compression effects even if the experiments are performed with fluid pressure-transmitting medium.
I. INTRODUCTION
The diamond anvil cells ͑DACs͒ have been used extensively to record x-ray diffraction patterns from samples compressed to high pressures. These experiments give interesting information on the phase transitions and equations of state of materials over wide pressure ranges. A well-characterized stress state ͑ideally hydrostatic pressure͒ is essential for a rigorous interpretation of the diffraction data. A metal gasket 1 to contain the sample and a fluid pressuretransmitting medium is commonly used to render the stress state of the sample hydrostatic, at least up to the freezing pressure of the pressure-transmitting medium. As the pressure is raised above the freezing point 2 of the pressuretransmitting medium, the stress state of the sample begins to deviate from hydrostatic. Even at lower pressures, the stress state can become nonhydrostatic if the sample starts bridging the anvils due to excessive thinning of the gasket or due to large initial thickness of the sample. In this context, modeling 3 of the nonhydrostatic stress state and its effect on the measured lattice strains ͑d spacings͒ are important, as the lattice strain equations based on these models can be used to analyze the diffraction data. Equations have been derived using both the isotropic [3] [4] [5] [6] [7] [8] [9] and anisotropic 10-18 elasticity theories. The lattice strain equations based on anisotropic elasticity theory have been used by many investigators [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] to analyze the x-ray diffraction data under nonhydrostatic compression.
The present investigation was undertaken to look for the presence of any nonhydrostatic pressure effect in the diffraction data generated with fluid pressure-transmitting medium. We measured the d spacings of niobium to 145 GPa in fluid pressure medium ͓methanol-ethanol-water ͑MEW͒ mixture or helium͔. One would invariably assume the absence of nonhydrostatic compression effects in these data, at least in the pressure ranges below the freezing pressure of the pressure-transmitting medium. However, analysis of the data using the lattice strain equations indicates the presence of a detectable nonhydrostatic stress component even in the lowpressure range. We suggest a method to correct the d spacings for the nonhydrostatic compression effect. Only the lower bound of the correction factor is obtained because the value of ␣, which defines the relative weights of Reuss and Voigt limits, is not determined. An indirect method of estimating ␣ is discussed.
II. THEORY

A. Basic equations
The stress state of the sample compressed in an opposedanvil setup is generally given by
where P and D i j denote the mean normal ͑hydrostatic͒ and deviatoric stress components, respectively. Assuming an axial symmetry in the stress distribution at the center of the sample, the deviatoric stress component can be expressed as follows:
where, 11 and 33 are the radial and axial stress components, respectively, and tϭ( 33 Ϫ 11 ). The hydrostatic stress component is given by produced by P as the reference, the strain produced by the deviatoric stress component in the cubic system is given by 12, 15, 16 The S i j are the single-crystal elastic compliances at a pressure P . ␣ determines the relative weights of the isostress and isostrain conditions in an actual case, and can assume a value between 1 and 0.5. The quantity t is normally compressive and, therefore, has a negative sign. The negative sign has been included in Eq. ͑5͒ such that t is a positive number.
It is evident from Eq. ͑4͒ that the strain produced by D i j vanishes at ϭ c ϭcos Ϫ1 (1/ͱ3), resulting in the following condition:
If we consider the fact that (S 11 ϪS 12 ) and S 44 are positive quantities ͑a requirement for the stability of the crystal lattice͒ and the maximum possible value of ⌫(hkl) is 1/3, then Eq. ͑6͒ suggests that Q(hkl) is a positive quantity. With a positive Q(hkl), the following inequalities emerge from Eq. ͑5͒:
and
Equations ͑8a͒-͑8c͒ are also valid if d m (hkl) and d P are replaced by a m (hkl) and a P , respectively. In general, depends on the diffraction geometry (hkl) and the mode of data recording. For the energy-dispersive mode, is a constant for all (hkl). For the angle-dispersive mode, depends on (hkl). For the conventional diffraction geometry with angle-dispersive mode, ϭ(/2)Ϫ. The range accessible in a DAC is small ͑usually less than ϳ20°͒. Thus, the condition given in Eq. ͑8c͒ applies to the present discussion.
B. Effect on derived quantities
The following expression is obtained from Eq. ͑5͒ for the average value of a m (hkl):
͗a m ͑ hkl͒͘ϭa P ͓1ϩ͗͑ 1Ϫ3 cos 2 
͒Q͑hkl͔͒͘. ͑9͒
The angle brackets denote the average over all the observed reflections. The contribution from the nonhydrostatic compression effect to the standard deviation in a m (hkl) is given by
where ϭ͑1Ϫ3 cos 2 ͒⌫͑hkl͒. ͑11͒
The conventional P versus (V m /V 0 ) plot constructed with the unit-cell volume measured under the nonhydrostatic compression deviates from the curve obtained under hydrostatic conditions. The deviation along the (V m /V 0 ) axis is given by
Since the inequality given in Eq. ͑8c͒ applies for the conventional DAC geometry, ⌬ m (V) is a positive quantity. Thus, (V m /V 0 ) at i j is larger ͑and the volume strain smaller͒ than the value at P .
C. Detection of nonhydrostatic effects
The following relation is obtained by combining Eqs. ͑5͒ and ͑6͒:
where
Equation ͑13a͒ provides an extremely powerful method of detecting nonhydrostatic compression effects in the measured lattice parameters and for estimating the term (␣tS). Equation ͑13a͒ suggests that the a m (hkl) versus 3(1 Ϫ3 cos 2 )⌫(hkl) plot ͑termed the gamma-plot hereinafter͒ is a straight line if is independent of (hkl), as is the case if the data are collected using the energy-dispersive mode. Even for the data obtained in the angle-dispersive mode resulting in (hkl)-dependent , the term inside the curly brackets in Eq. ͑13b͒ varies within only a few percent when is varied between 0°90°. In the conventional DAC geometry, varies between 90°and ϳ70°. For the variation in this range, this term is constant within 1/10%. Thus, the gamma plots, in general, are good straight lines. A high degree of numerical precision is achieved if (1Ϫ3 cos 2 ) in Eq. ͑13b͒ is replaced by ͗(1Ϫ3 cos 2 )͘, where the angle brackets denote the average taken over all the observed reflections. Further, it can be easily verified that for commonly encountered values of S i j and t, M 0 Ϸa P . This suggests that very good estimates of (␣tS) can be obtained from the following relation:
III. EXPERIMENTAL DETAILS
The measurements of the d spacings under pressure were performed with two different sample configurations. For measurements below 20 GPa, the sample together with a ruby chip ͑for pressure measurement͒ and pressuretransmitting medium ͑MEW or He͒ was loaded in a spring steel gasket. The estimated gasket thickness at highest pressure ͑20 GPa͒ for these experiments was ϳ30 m. The estimated sample thickness at 20 GPa was ϳ15 m. The sample was, therefore, not expected to come in contact with anvils up to 20 GPa. This cell assembly was used to conduct one set of experiments with MEW ͑series MEW-100 with a 3:1 by weight mixture of 99.9% pure niobium and platinum, 19 pressure runs in the range 0.17-18.3 GPa͒ and another with He ͑series He-500 with niobium powder, five pressure runs in the range 2.04 -13.9 GPa͒. For measurements at higher pressure, the sample powder was filled in rhenium-gasket hole and the remaining volume was filled with pressuretransmitting medium. The sample volume in this arrangement was large, and gave strong diffraction lines. The pressure, however, was not expected to be truly hydrostatic. This cell assembly was used to carry out two sets of measurements with MEW ͑series MEW-300 with 1:1 niobium-silver mixture, 13 runs in the range 5.75-85.3 GPa, and series MEW-400 with niobium powder, 13 runs in the range 6.77-145 GPa͒. Four runs ͑series He-200 with 3:1 niobiumplatinum mixture͒ with He pressure-transmitting medium were made in the range 7.64 -33.46 GPa. The pressures up to 100 GPa were measured by the ruby fluorescence technique using the pressure-shift calibration 5 done under a nonhydrostatic pressure condition. The pressures above 100 GPa were estimated from the d spacings recorded from the edge of the rhenium-gasket hole, using the equation of state 36 of rhenium. The estimated errors in the pressure and d spacing measurements are discussed later in this article. The diffraction patterns were recorded with an image plate on beamline 18C of the Photon Factory, Tsukuba, Japan. The x-ray energies in the range 18 -20 keV were used. In most runs, ͑110͒, ͑200͒, and ͑211͒ reflections from Nb were observed. The ͑220͒ reflection was observed in a few runs.
IV. DATA ANALYSIS AND DISCUSSION
A. General trends Figure 1 shows the (V m /V 0 ) versus pressure data from all the runs. For reference, the compression data from different sources are also plotted. Curves ͑1͒ and ͑3͒ are calculated from the Birch-Murnaghan equation of state with the bulk modulus K 0 and its pressure derivative K 0 Ј ͑Table I͒ obtained from ultrasonic measurements 37 and theory, 38 respectively.
The compression data from shock wave measurements 39 are shown by curve ͑2͒. The (V/V 0 ) at 150 GPa calculated from the Birch-Murnaghan equation using ultrasonic data is 1.5% larger and that calculated using theoretical data 2.5% lower than the value obtained from shock wave measurements.
The volume compression data below ϳ8 GPa from the MEW-100 series and all the data from the He-500 series lie close ͑within Ϯ0.0005͒ to the compression curves ͑2͒ and ͑3͒. The first datum point at 0.17 GPa in the MEW-100 series, for some reason, shows a relatively large deviation ͑0.002͒ and is discarded in this analysis. The data points above 8 GPa of the MEW-100 series and all the data points of He-200 lie above curves ͑2͒ and ͑3͒. Most of the data points of the MEW-400 series fall above curve ͑3͒. We discuss in the foregoing sections the detailed features of these data. The data of the MEW-300 series are discussed separately in this article.
B. Detection of nonhydrostatic stress and estimation of "␣tS…
The gamma plots were constructed for all the runs. The 22 runs ͑five from the MEW-100 series in the pressure range 9.76 -18.33 GPa, all 13 runs from the MEW-400 series, and all four runs from He-200 series͒ gave straight-line plots (R 2 у0.83) consistent with Eq. ͑13a͒. Figure 2͑a͒ -2͑c͒ show three examples of such plots. Further discussions require the knowledge of S i j at high pressure. First, the C i j values at a required pressure were obtained by the method suggested by Birch, 40 using the one-atmosphere C i j and the pressure derivatives from ultrasonic velocity measurements. 37 The corresponding S i j values are then obtained by inverting the matrix C i j . The pressure dependences of (S 11 ϪS 12 ) and S obtained by this procedure are shown in Fig. 3 . It is seen that SϭϪ0.008 58 at 1 atm and Ϫ0.0062 at 150 GPa. Thus, S remains negative up to the highest pressure in these experiments. The observed positive slopes in these plots are in agreement with the sign of S. These plots suggest the presence of nonhydrostatic stress state consistent with Eqs. ͑1͒ and ͑2͒. The (␣tS) values can be calculated from the slopes and intercepts of the gamma plots using Eq. ͑14͒. The estimation of t requires the knowledge of ␣. The choice of ␣ ϭ1 gives the lower bound of t. It is seen from Fig. 4 that the lower bounds of t range from nearly 0.2 to 3 GPa. These data indicate that ␣t/G( P) values observed in the present experiments, where G( P) is the aggregate shear modulus at a pressure P, range from 0.7% to 5.6%.
C. Hydrostatic pressure environment
The remaining 13 runs ͑below 8 GPa͒ of the MEW-100 series and all five runs of the He-500 series give plots similar to that shown in Fig. 2͑d͒ . These data sets give lines with nearly zero slopes in the gamma plots. The lattice parameters calculated from different reflections show very small scatter about the mean. This trend is expected for the cubic system under hydrostatic pressure. The measured lattice parameters ␣ m (hkl) under these conditions are independent of (hkl) and ͗␣ m (hkl)͘ represents a P . For these runs, the standard deviation s(a m )р0.0003, where s(a m ) denotes the standard deviation in a m . In such cases, s(a m )Хs(a P ) represents the intrinsic precision of measurement that can be achieved with the present setup when pressure is hydrostatic. The fact that several runs gave small s(a m ) rules out the presence of any systematic error in the measurement that could possibly give rise to the observed trend in the gamma plots ͓Figs. 2͑a͒-2͑c͔͒.
D. Estimation of s D and s"a P …
The standard deviation s(a m ) consists of two components. The first is the contribution from s D ͓Eq. ͑10͔͒ and the second from the intrinsic error in the measurement of d spacings represented by s(a P ). Assuming the additivity of the variances, we get
The term s D essentially arises from the neglect of the systematic trend given by Eq. ͑5͒. that the s 2 (a m ) versus s D 2 plot should be a straight line for a constant s(a P ). The intercept of the line on the s 2 (a m ) axis gives s 2 (a P ). A straight line fit through all the data gives s(a P )ϭ0.0008. This value is nearly three time larger than the value obtained for the data under an hydrostatic pressure environment. A straight line fit through the data below 20 GPa gives s(a P )ϭ0.0003, a value in good agreement with the estimate made in the preceding section. A similar analysis of the data in the pressure range 20-145 GPa gave s(a P )ϭ0.0012. The data above 20 GPa exhibit significantly larger values of s(a P ) than the data in the lower pressure range. This appears to be linked to the diffraction line broadening that is found to become large above 20 GPa in the present experiments, 41 rendering the determination of the line position less precise. This analysis clearly demonstrates that the nonhydrostatic compression effect is the major source of scatter in the lattice parameters computed from different reflections.
The data from MEW-300 ͑shown only in Fig. 1͒ do not show the systematic trends discussed so far. All the data points are close to curve ͑3͒. The data points in the 5-56 GPa range show a positive deviation ͑average value 0.0037͒ from curve ͑3͒ and negative deviation ͑average value Ϫ0.003͒ in the pressure range 62-85 GPa. The slopes of the gamma plots for the data in the MEW-300 series are positive and range from 0 to 0.004. Even though the signs of the slopes are consistent with the sign of S, the straight-line fits are extremely poor (0рR 2 р0.5). Clearly, Eqs. ͑1͒ and ͑2͒ do not describe the stress state of the sample in these runs. The s(a m ) values range between 0.002 and 0.004 and are comparable to the values in other runs ͑for example, in the MEW-400 series͒ that show good straight-line trends in the gamma plots. Because of the poor straight-line fits, correcting a m values for the nonhydrostatic compression effect does not result in any improvement in the standard deviation and s(a P )Хs(a m ). In view of large s(a m ), the stress state cannot be considered hydrostatic. It appears that the stress distribution in the sample in the MEW-300 series was complex. It may be recalled that the sample in this series of runs was a 1:1 mixture of niobium and silver. The complex stress state of the sample may be a result of this. Further, the precision of the d(110) of niobium is adversely affected by the presence of the overlapping ͑111͒ line of silver.
E. Estimates of a P and ⌬ m "V…
The a P values can be calculated using Eqs. ͑5͒-͑7͒. The (S 11 ϪS 12 ), S, and (t␣) values required in these calculations are obtained as discussed in the preceding section. However, exact calculations cannot be made, as the value of ␣ is not known. It is seen from Eqs. ͑5͒-͑7͒ that ␣ϭ1 gives the lower bound of Q(hkl) and also of the difference between a m (hkl) and a P . Using this procedure, a P (hkl) values for all the reflections are calculated in each run. The calculations of ⌬ m (V) values using these a P (hkl) values in Eq. ͑12͒ suggest that the errors in (V/V 0 ) introduced by the nonhydrostatic compression effect range from 0.003 to 0.022. The maximum error is found for the run at 33.46 GPa of the He-200 series. This point ͑marked by an arrow in Fig. 1͒ shows a large deviation toward higher (V/V 0 ) from curves ͑2͒ and ͑3͒. The corrected value falls close to these curves.
F. Equation of state
The results of fitting Birch-Murnaghan equation to the volume compression data are summarized in Table I . K 0 obtained from (V m /V 0 ) is 6% lower than the estimates from theory 38 and shock wave measurements 39 and 8% lower than the value from ultrasonic measurement. 37 The value of K 0 Ј is in good agreement with the ultrasonic and shock wave measurements. The degree of fit and the errors in K 0 and K 0 Ј are comparable to those found in the literature. The K 0 value obtained from the (V P /V 0 ) versus pressure data is nearly 10% lower and K 0 Ј marginally higher than the corresponding values obtained from (V m /V 0 ). Thus, the (V m /V 0 ) data appear to yield a better value of K 0 than the (V P /V 0 ) data. However, judging from the root-mean-square ͑rms͒ residual of the fit and the standard error in K 0 , the (V P /V 0 ) data seem to fit the Birch-Murnaghan equation significantly better than the (V m /V 0 ) data.
The reason for the low value of K 0 obtained from (V P /V 0 ) data can be traced to the pressure scales used in this work. As noted while reporting pressure calibration of the ruby shift, 5 the pressures obtained from the ruby-line shift are underestimated because the x-ray measured volume strains in the pressure markers were not corrected for the nonhydrostatic compression effect. Rhenium exhibits a pronounced nonhydrostatic compression effect. 8, 32 This results in a gross underestimation of pressure when lines from the rhenium gasket 36 
G. Further comments
The data up to ϳ8 GPa of the MEW-100 series and all the data of the He-500 series indicate that hydrostatic pressure can be achieved if care is taken to ensure that the sample does not bridge the anvils. The appearance of nonhydrostatic pressure above ϳ8 GPa in the MEW-100 series most likely results from the freezing of MEW. It is shown in a recent study 43 that hydrostatic pressure can be achieved up to at least ϳ50 GPa with He pressure transmitting medium by careful control of the cell assembly. The analyses of the data in other runs indicate that the pressure becomes nonhydrostatic even in the low-pressure region. Most likely, the large initial sample volume in these runs results in the sample bridging the anvils at low pressures.
The correction procedure is limited by the lack of knowledge of ␣. The choice of ␣ϭ1 gives the lower bound of the correction term that is required for deriving the lattice parameter corresponding to the hydrostatic component from the measured lattice parameter. Significantly lower value of root-mean-square residual of the Birch-Murnaghan fit with (V P /V 0 ) data indicates that the assumption of ␣ϭ1 is valid in the present case. This conclusion is supported by the observation that a much poorer fit ͑rms residualϭ3.7͒ is obtained with (V P /V 0 ) data calculated with ␣ϭ0.5. Based on these results, it appears possible to deduce a realistic value of ␣ by computing (V P /V 0 ) data with different values of ␣, and choosing the value that gives the lowest rms residual of the Birch-Murnaghan fit to the (V P /V 0 ) versus pressure data.
An obvious limitation of this method is that it fails in the case of samples that exhibit isotropy in single-crystal elasticity (Sϭ0). This results in a zero slope in the gamma plot. However, as is seen from Eqs. ͑5͒-͑7͒, the strain from the nonhydrostatic stress component does not vanish. Further, for a given set of values of S i j and ␣t, all d(hkl) values are affected by a constant factor. An equivalent result ͓Eq. ͑10͔͒ is that s D ϭ0. In such a case, it is not possible to detect the presence of nonhydrostatic pressure either from the gamma plots or through analysis of the standard deviations in the lattice parameters. In this context, it may be noted that the diffraction data obtained with the radial geometry 44, 45 contain much more information on nonhydrostatic compression effects than the data from the conventional geometry. These data can be analyzed 16, 17 to give the lattice parameters corresponding to the hydrostatic component, without requiring the value of ␣. The other information that can be derived from the analysis of the radial geometry data are discussed elsewhere. 16, 17, 32, 33 The radial-geometry data can be interpreted unambiguously even when Sϭ0. The lack of a straight-line trend in the gamma plot does not necessarily imply hydrostatic pressure. This may happen if the stress state of the sample is complex and does not conform to Eqs. ͑1͒ and ͑2͒. In this case, the quality of the data and the nature of the stress state have to be judged solely from the magnitude of s(a m ).
The uncertainties in the estimation of S i j at high pressures using Birch equations 35 are difficult to assess. The general approach used in the development of these equations is based on finite-strain theory that also forms the basis of the Birch-Murnaghan equation of state. As judged solely from the high accuracy of the Birch-Murnaghan equation in predicting the equation of state of solids, the estimates of S i j at high pressures are expected to be highly reliable. In any case, the uncertainties that may exist in the estimation of S i j at high pressures are unlikely to be large enough to alter the results of this analysis.
V. CONCLUSIONS
The use of fluid transmitting medium does not always result in hydrostatic pressure. The pressure may deviate from hydrostatic either when the pressure-transmitting medium solidifies or when the sample begins to bridge the anvils. The analysis presented in this article applies to the cubic system and can be used to detect the nonhydrostatic compression effects. The practice of neglecting the nonhydrostatic compression effect and taking the lattice parameter as the average of the lattice parameters calculated from the measured d spacings of the observed reflections results in overestimation of the lattice parameter and the standard deviation in the lattice parameter. The lower bound of the error in the lattice parameter arising from the neglect of the nonhydrostatic compression effect can be calculated. The contribution to the standard deviation in the lattice parameter from the nonhydrostatic compression effect can also be estimated and the contribution from the remaining sources separated. The estimation of t and a P is limited by the lack of knowledge of ␣. It appears possible to obtain a reasonable estimate of ␣ by varying ␣ to minimize the rms residual of the BirchMurnaghan fit to the (V P /V 0 ) versus pressure data.
